The circadian clock controls many aspects of mammalian physiology, including responses to cancer therapy. We find that wild-type and circadian mutant mice demonstrate striking differences in their response to the anticancer drug cyclophosphamide (CY). While the sensitivity of wild-type mice varies greatly, depending on the time of drug administration, Clock mutant and Bmal1 knockout mice are highly sensitive to treatment at all times tested. On the contrary, mice with loss-of-function mutations in Cryptochrome (Cry1 ؊/؊ Cry2 ؊/؊ double knockouts) were more resistant to CY compared with their wild-type littermates. Thus, both time-of-day and allelic-dependent variations in response to chemotherapy correlate with the functional status of the circadian CLOCK/BMAL1 transactivation complex. Pharmacokinetic analysis of plasma concentration of different CY metabolites shows that, in contrast to the traditional view, circadian variations in drug sensitivity cannot be attributed to the changes in the rates of CY metabolic activation and͞or detoxification. At the same time, mice of different circadian genotypes demonstrate significant differences in B cell responses to toxic CY metabolites: B cell survival͞recovery rate was directly correlated with the in vivo drug sensitivity. Based on these results, we propose that the CLOCK͞BMAL1 transcriptional complex affects the lethality of chemotherapeutic agents by modulating the survival of the target cells necessary for the viability of the organism.
The circadian clock controls many aspects of mammalian physiology, including responses to cancer therapy. We find that wild-type and circadian mutant mice demonstrate striking differences in their response to the anticancer drug cyclophosphamide (CY). While the sensitivity of wild-type mice varies greatly, depending on the time of drug administration, Clock mutant and Bmal1 knockout mice are highly sensitive to treatment at all times tested. On the contrary, mice with loss-of-function mutations in Cryptochrome (Cry1 ؊/؊ Cry2 ؊/؊ double knockouts) were more resistant to CY compared with their wild-type littermates. Thus, both time-of-day and allelic-dependent variations in response to chemotherapy correlate with the functional status of the circadian CLOCK/BMAL1 transactivation complex. Pharmacokinetic analysis of plasma concentration of different CY metabolites shows that, in contrast to the traditional view, circadian variations in drug sensitivity cannot be attributed to the changes in the rates of CY metabolic activation and͞or detoxification. At the same time, mice of different circadian genotypes demonstrate significant differences in B cell responses to toxic CY metabolites: B cell survival͞recovery rate was directly correlated with the in vivo drug sensitivity. Based on these results, we propose that the CLOCK͞BMAL1 transcriptional complex affects the lethality of chemotherapeutic agents by modulating the survival of the target cells necessary for the viability of the organism.
chemotherapy ͉ circadian clock ͉ drug response A broad range of organisms from bacteria to animals display circadian oscillations in metabolism, cell proliferation, physiology, and behavior. Circadian rhythms are generated by an intracellular clock mechanism that involves a network of transcriptional feedback loops that drive rhythmic RNA and protein expression of key clock components (reviewed in refs. 1-3). The major loop is represented by two positive activators, CLOCK and BMAL1, which belong to the family of bHLH-PAS domain transcription factors. The CLOCK͞BMAL1 complex regulates the expression of the Period (Per1, Per2, and Per3) and Cryptochrome (Cry1 and Cry2) genes that in turn act as repressors of their own transcription. The molecular mechanism of circadian oscillators is operative not only in the central pacemaker of the mammalian circadian system in the suprachiasmatic nucleus (SCN) but also in peripheral organs such as lung, liver, heart, and skeletal muscle (4) . Both the central clock in the SCN and peripheral clocks in different tissues control output physiology by regulating the expression of multiple clock-controlled genes (5, 6) . This circadian expression pattern demonstrates remarkable tissue specificity, and in many cases, involves rate-limiting steps of fundamental metabolic pathways in the cell (5, 7) .
There has been substantial evidence that the circadian clock can modulate the morbidity and efficacy of anticancer therapy.
Observations made Ͼ30 years ago demonstrated that the circadian pattern of arabinosyl cytosine administration determined both its toxicity and antitumor activity (8) . More than 30 different anticancer drugs tested in mice and rats exhibit strong time-of-administration effects on drug-induced toxicity (9) . These findings led to the idea of chronotherapy, wherein medication or other treatment can be optimized by delivery at appropriate times of the day. Although the chronotherapeutic approach has demonstrated encouraging results, it has not become routine in clinical practice, perhaps in part, because of the lack of a clear mechanistic basis (10) .
To address the mechanistic aspects of the role of circadian clock in response to genotoxic stress induced by cancer therapy, we used three circadian mutant mouse models, Clock mutants,
Bmal1
Ϫ/Ϫ mice, and Cry1 Ϫ/Ϫ Cry2 Ϫ/Ϫ knockout mice, and compared their in vivo drug response to a widely used chemotherapeutic drug cyclophosphamide (CY). Here, we report that drug sensitivity is directly correlated with the functional status of the major circadian transactivation complex, suggesting that molecular determinants of sensitivity to CY may be directly regulated by CLOCK͞BMAL1. We also present the evidence that this control is based on a CLOCK͞BMAL1-dependent modulation of target B cell responses to drug-induced toxicity. These results provide an important mechanistic link between the circadian clock system and the response to genotoxic stress induced by cancer therapy.
Materials and Methods
Chemicals. CY was purchased from Sigma. The CY metabolites, 4-hydroperoxy-CY (4-OH), 3-dechloroehyl-CY (DCE), 4-keto-CY, Carboxyethyl-CY (CB), and phosphoroamide mustard (PM), were a generous gift from Asta Medica (Frankfurt, Germany). Collagenase was purchased from Crescent Chemicals (Islandia, New York).
Animals and CY Therapy. Control C57BL͞6J male mice were purchased from The Jackson Laboratory. Clock mutant mice, originally obtained from the Takahashi laboratory at Northwestern University, were maintained on a C57BL͞6J background (11) . Bmal1 Ϫ/Ϫ mice (12), obtained from C. Bradfield, and Cry1 Ϫ/Ϫ and Cry2 Ϫ/Ϫ knockout mice (13), provided by Dr. A. Sancar, were backcrossed to C57BL͞6J (10 backcross generations). Animals were synchronized to a 12-h light:12-h dark cycle for at least 2 weeks before experiments. CY treatment (i.p. injections) was performed in a regimen described for tumor therapy (14) . Mice received either a single injection at 300
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ʈ To whom correspondence should be addressed. E-mail: antochm@ccf.org or j-takahashi@ northwestern.edu. mg͞kg, or three injections at different doses that were performed every other day at different zeitgeber times (ZT; ZT0 corresponds to the beginning of the light phase of the daily cycle). Drug-induced toxicity was assessed by mortality and body weight loss. The loss of 20% of the original body weight was considered the end point of the experiment.
For pharmacokinetic (PK) analysis, wild-type and Clock͞ Clock mice received 3 ϫ 150 mg͞kg i.p. injections of CY at ZT02 or ZT14. Blood samples obtained at different times after the last injection through the retroorbital bleeding, were placed into EDTA-treated tubes (Sarstedt); plasma was separated by centrifugation through Microtainer plasma separation tubes (Becton Dickinson) and stored at Ϫ80°C until analysis. All animal studies were conducted in accordance with the regulations of the Committee on Animal Care and Use at the Cleveland Clinic Foundation and Northwestern University.
Measurement of CY and Its Metabolites in Plasma. CY, 4-OH, DCE, CB, and PM were recovered from mouse plasma by using solid-phase extraction (Xpertek SPE C18 cartridge, P.J. Cobert Associates, St. Louis) according to the manufacturer's protocol. To recover for the loss of all tested compounds during sample preparation and extraction, ifosfamide was used as an internal standard. Reverse-phase HPLC with on-line electrospray ionization tandem MS was performed as described (15) . A detailed description is provided in Supporting Methods, which is published as supporting information on the PNAS web site. Elimination half-life values (t 1/2 ) were calculated by a linear regression analysis of semilog concentration-time graphs after T max (correlation coefficient r 2 Ͼ 0.9 in all cases). Statistical significance was determined by using Student's t test.
RNA Isolation and Real-Time PCR Analysis. Control C57BL͞6J and Clock͞Clock mutant mice were maintained at a ratio of 12-h light:12-h dark. Tissue sampling, RNA extraction and Cyp3a13 mRNA quantitation were performed as described in ref. 5 . Primers and probes used for real-time PCR analysis are described in Supporting Methods.
Hepatocyte Preparation and Coculture Experiments. Hepatocyte isolation from livers of wild-type and circadian mutant mice was performed as described in ref. 16 with some modifications (Supporting Methods). Isolated hepatocytes were resuspended in DMEM supplemented with 10% FCS and plated on collagentreated 24-well plates at a density of 150,000 cells per well. C8 cells were plated on transwell inserts for 24-well plates at 20,000 cells per well. Cells were allowed to adhere for at least 2 h, after which CY in DMEM was added. After overnight incubation, the viability of both hepatocytes and C8 cells was tested by using the MTT assay (Sigma) according to the manufacturer's protocol.
Total Blood Cell Analysis. Hematological evaluation was performed either at day 5 (if 3 ϫ 150 mg͞kg injection protocol was used), or at day 3, when a single-dose (1 ϫ 300 mg͞kg) injection protocol was used. Peripheral blood obtained from the retroorbital sinus was collected into EDTA-treated tubes, and the complete blood counts with differentials were measured by using an Advia 120 hematology system (Bayer) and analyzed with the software applications for C57BL͞6J mice. All control parameters were within the range previously described for this mouse strain (M. Justice clinical hematology parameters, accession number MPD:132, from the Mouse Phenome Database, The Jackson Laboratory, Bar Harbor, MA, which can be accessed at www.jax.org͞phenome). A generalized linear model ANOVA (NCSS, V.6.0, Kaysville, UT) was used to estimate the statistical significance of the effects of genotype and time of CY administration on WBC differentials. A Tukey's test was used for post hoc pairwise comparisons.
Flow Cytometry. Cell suspension preparation and flow cytometry analysis were carried out according standard protocols described in detail in Supporting Methods.
Results and Discussion
In Vivo Sensitivity to CY Depends on the Functional Status of the CLOCK͞BMAL1 Transactivation Complex. It is well accepted that the circadian clock regulates multiple physiological and biochemical outputs through the periodic transcriptional activation and repression of target genes by the CLOCK͞BMAL1 transactivation complex (3). To explore a possible molecular link between drug toxicity in vivo and the status of the circadian transactivation complex, we used several mouse models representing different states of CLOCK͞BMAL1 functional activity and compared CY sensitivity of wild-type, Clock͞Clock mutant, Bmal1 Ϫ/Ϫ , and Cry1 Ϫ/Ϫ Cry2 Ϫ/Ϫ knockout animals. Phenotypically, all three mutant mouse models are characterized by disrupted circadian rhythmicity at the behavioral level (11, 12, 17) . However, at the molecular level, these experimental models are correlated with different temporal states of circadian clock function and approximate two opposite extremes in relation to the activity of the CLOCK͞BMAL1 transactivation complex. Clock͞Clock and Bmal1 Ϫ/Ϫ mice represent the minimal transcriptional activity of the complex because of the deficiency of transcriptional activators (12) , whereas mice with targeted disruption of both Cry genes (Cry1 Ϫ/Ϫ Cry2 Ϫ/Ϫ ) represent its maximally active state because of the absence of circadian repression (13, 18) .
We first compared the in vivo drug response of control C57BL͞6J mice treated with CY on a conventional schedule of the maximum tolerated dose (14) administered at different times of the day. As shown in Fig. 1A , the survival rate among different groups varied greatly, depending on the time of CY adminis- tration. Animals treated during the time of dark-to-light transition (ZT22 to ZT02) were more sensitive to the drug than mice injected at the time of light-to-dark transition (ZT10 to ZT14). This initial observation was confirmed by more detailed studies when different doses of CY were delivered at two time points, ZT02 and ZT14 (the most and the least sensitive times detected in our original experiment; Fig. 1B) . Consistent with previous results, animals treated at ZT02 were more sensitive to the treatment; thus, at the dose of 3 ϫ 250 mg͞kg, survival rate in this group was 20% compared with 80% in the group that received the drug at ZT14. Only the highest dose used (3 ϫ 300 mg͞kg, 2-fold higher than maximum tolerated described for mice, resulted in 100% mortality in both groups. Even at doses that did not induce mortality (3 ϫ 100 mg͞kg), there were striking differences in morbidity, which was reflected in the extent of the body weight loss ( Fig. 1 C and D) . Thus, animals injected at ZT02 lost significantly more weight compared with the group that received the drug at ZT14, and these differences increased with the dose used. The two time windows, ZT02 to ZT22 and ZT10 to ZT14, which in our experiments represent maximal and minimal drug sensitivity in vivo, correlate with the peak and trough of CLOCK͞BMAL1 transcriptional activity as judged by target Per1 and Per2 gene expression profiles in most peripheral tissues (3) . Importantly, the time of the highest resistance to CY corresponds to the daily peak in the activity of the CLOCK͞BMAL1 transactivation complex. This observation led us to speculate that the molecular determinants of sensitivity to CY could be directly regulated by CLOCK͞BMAL1.
To test this hypothesis, we compared drug sensitivity of wild-type mice and mice with deficiencies in the CLOCK͞ BMAL1 transcriptional activators. As shown on Fig. 2A , control and circadian mutant mice demonstrated strikingly different drug responses, as assessed by body weight loss. Both Clock͞ Clock and Bmal1 Ϫ/Ϫ lose up to 20% of their original body weight by days 9-11 after CY administration. In corresponding control groups, the body weight never went down Ͼ5-8% and was always followed by partial recovery and stabilization after the completion of injections. Thus, both Clock͞Clock and Bmal1 Ϫ/Ϫ animals, deficient in the CLOCK͞BMAL1 transactivation function, demonstrated high levels of drug sensitivity. This effect did not depend on the drug administration schedule or on the time of CY treatment: when a single high dose of drug was delivered at ZT14 and ZT02, the least and the most sensitive times for control group, Clock͞Clock mice always respond to the treatment by significantly higher body weight loss (Fig. 2B) .
In contrast to Clock͞Clock and Bmal1 Ϫ/Ϫ mice, animals with targeted disruption of both Cry genes are deficient in circadian repression, and express constantly high levels of CLOCK͞ BMAL1 transcriptional activity. Because high complex activity correlated with higher drug resistance in wild-type mice, we tested the drug response of Cry1 Ϫ/Ϫ Cry2 Ϫ/Ϫ double-knockout mice to determine whether they were also resistant. The time course of drug-induced body weight loss in the wild-type and Cry1 Ϫ/Ϫ Cry2 Ϫ/Ϫ mice are shown in Fig. 2C . Importantly, Cry1 Ϫ/Ϫ Cry2 Ϫ/Ϫ mice were more drug resistant compared with their wild-type littermates at both times tested. Taken together, these observations are consistent with the idea that both timeof-day and genotype-dependent variations in drug sensitivity correlate with the functional status of the major circadian CLOCK͞BMAL1 transactivation complex: high-complex activity (either because of daily circadian variation or Cry deficiency) is associated with higher resistance to drug-induced toxicity, whereas low-complex activity (because of daily variation or Bmal1 or Clock deficiency) is correlated with higher sensitivity to drug-induced toxicity.
PK Analysis of Plasma Concentration of CY and Its Metabolites in
Wild-Type and Clock Mutant Mice. Drug sensitivity of the organism results from a superposition of multiple levels of responses all contributing in various degrees to the final outcome, and each of these types of responses could be modulated by CLOCK͞ BMAL1 transcriptional activity. Thus, circadian control of drug sensitivity could occur through the regulation of the abundance and͞or activity of drug-metabolizing enzymes involved in CY activation and͞or detoxification. This view was supported recently by the results of the global analysis of the circadian transcriptional output using the microarray approach (5) . Of 335 transcripts that demonstrated 24-h periodicities in their expression levels in the liver, many encode enzymes involved in drug activation͞detoxification processes. Alternatively, the circadian clock could be involved in the control of sensitivity of target cells to CY-induced cytotoxicity through modulation of the cell response to genotoxic stress.
To discriminate between these two mechanisms, we performed a PK analysis of the plasma concentration of CY and its Ten animals of each genotype received 3 ϫ 150 mg͞kg CY at ZT10, the time of the highest resistance for control group. Both mutants respond to CY treatment by significantly higher total body weight loss as compared with their wild-type littermates. (B) Body weight loss of control (F) and Clock͞Clock mutant (E) mice after a single 300 mg͞kg CY injection performed at ZT02 (Left) or ZT14 (Right). At both times used, Clock͞Clock mice demonstrate significantly higher drug sensitivity. (C) Body weight loss of control (F) and Cry1 Ϫ/Ϫ Cry2 Ϫ/Ϫ (E) knockout mice after a single 300 mg͞kg CY dose administered at ZT02 (Left) or ZT14 (Right). Cry1 Ϫ/Ϫ Cry2 Ϫ/Ϫ double-knockout mice are more resistant to the treatment than their wild-type littermates (at day 9, P ϭ 0.07 for ZT02 and P ϭ 0.02 for ZT14).
metabolites in wild-type mice injected at ZT02 or ZT14 and Clock͞Clock mutant mice injected at a single time point at ZT14. CY is a prodrug that requires metabolic activation performed by a subset of hepatic P450 enzymes, followed by several alternative pathways, yielding ultimate alkylating metabolite PM and several inactive compounds (19) (Fig. 3A) . The plasma concentration of each of CY metabolite at any given time point reflects the balance between the rate of its formation and the rate of elimination, which in turn, correlates with the relative activities of multiple drug metabolizing enzymes involved in CY metabolic transformation.
Comparison of the plasma concentration versus time profiles of CY and its major metabolites between two groups of wild-type animals revealed that the time of drug administration had no effect on the rate of its metabolic transformation (Fig. 3 B and  C ). For all compounds tested, the concentration versus time profiles in both wild-type groups were indistinguishable. Consistently, for both groups the elimination half-time values (t 1/2 ) for the parent compound (CY) and toxic metabolites (calculated from the semilog plots and presented in Fig. 3B Insets) were identical and very close to those previously reported in the literature (20) . These results suggest that in wild-type mice, the rate of CY metabolic transformation by hepatic enzymes does not depend on the time of drug administration.
The comparison of the concentration profiles of the major CY metabolites in the plasma of wild-type and Clock mutant mice revealed that the Clock mutation results in the increase in time of the peak plasma concentration for 4-OH (up to 30 min after CY injection, as opposed to Ͻ10 min in both wild-type groups) and decreased the C max value for DCE (Fig. 3 B and C) . However, no significant differences were detected in the elimination half-time for CY or either of the active metabolites (4-OH and PM). This finding suggests that although the rate of CY activation in Clock mutant mice is slightly delayed in time, the amount of active metabolites produced, and the extent of exposure to toxic agents, is similar to that observed in the wild-type groups.
Because the genotype-dependent differences in concentration profiles involve only the parent compound (CY) and both of its direct metabolic products, toxic 4-OH and biologically inactive DCE, we propose that the Clock mutation affects the initial step of CY activation. As reported previously, this initial step is carried out by a distinct set of cytochrome P450 enzymes: CYP2B10 and CYP2C29 are responsible for CY activation through 4-hydroxylation, whereas CYP3A13 is involved both in activation and inactivation through N-dechloroethylation (21, 22) (Fig. 3A) . Thus, the delayed CY activation observed in Clock mutants could be explained through an impairment of CYP3A13 activity.
To test whether the Clock mutation affects Cyp3a13 at the transcriptional level, we compared the steady-state levels of Cyp3a13 mRNA in the livers of wild-type and Clock mutant mice at different times of the 24-h daily cycle by using real-time PCR. No temporal variations in Cyp3a13 mRNA were observed in the livers of wild-type mice, suggesting that, unlike some other P450 isoforms, CYP3a13 is not circadian-regulated. However, a comparison between wild-type and Clock mutant mice revealed Ϸ2-fold decrease in the average expression level in the mutant animals (Fig. 3D) . Assuming that this decrease translates to the protein expression͞activity level, it may explain the observed delayed CY activation kinetics in the livers of Clock mutant mice.
Clock and Bmal1 Deficiency Has No Effect on the Rate of CY Metab-
olism in Isolated Hepatocytes. To confirm independently that the deficiency in circadian transcription activators does not affect the rate of CY metabolic activation and the production of toxic metabolites, we compared the rate of drug activation in vitro by hepatocytes isolated from wild-type, Clock͞Clock, and Bmal1 Ϫ/Ϫ mice. It has been previously shown that during first few days of culturing, isolated hepatocytes retain their ability to metabolize different drugs, including CY (16, 23) , which suggests that differences in CY metabolism in vivo are likely to be maintained in in vitro-cultured hepatocytes.
To compare CY activation rate by hepatocytes of different genotypes, we performed a series of experiments, in which CY-treated hepatocytes were cocultured with the drug-sensitive Wild-type and Clock͞Clock mice were entrained to a 12-h light:12-h dark cycle for 1 week before tissue collection. Three animals of each genotype were killed at ZT02, ZT06, ZT10, ZT14, ZT18, and ZT22; livers were removed, frozen on dry ice, and stored at Ϫ80°C until RNA isolation. Values on the bar graphs presented combined average values for all 18 animals of each genotype Ϯ SEM. (24) . When CY was applied to hepatocytes or C8 cells separately, it was toxic to hepatocytes only at the highest concentrations. In contrast, it was completely nontoxic to C8 cells because they lack the mechanism of this drug activation (Fig. 5A , which is published as supporting information on the PNAS web site). However, in coculture experiments, CY undergoes metabolic transformations in hepatocytes, yielding toxic 4-OH and PM, which induces Ϸ60% cell death within 18 h of incubation. As demonstrated in Fig. 5 B and C, no significant differences in CY toxicity to C8 cells in the wide range of CY concentrations used were detected among the three genotypes. Thus, isolated hepatocytes of Clock͞Clock and Bmal1 Ϫ/Ϫ mutant mice metabolize CY at a rate similar to wild-type control animals. In summary, both in vivo PK analysis and in vitro assays did not reveal any significant time-of-administration-or genotype-dependent changes in the rate of CY metabolic activation͞detoxification, which could reasonably explain the dramatic differences in drug sensitivity observed in our vivo experiments.
Differential Sensitivity to CY-Induced Toxicity Is Determined by CLOCK͞BMAL1-Dependent Modulation of B Cell Survival. As has been demonstrated (25) , the major target of CY-induced toxicity and the major dose-limiting factor of CY therapy is the hematopoietic system. In mice, the hematopoietic syndrome reaches its peak at days 3-5 after CY treatment, and is manifested by severe lymphopenia and neutropenia (followed later by a period of rebound neutrophilia), strong eosinophilia, and an altered lymphocyte͞neutrophil ratio (26, 27) .
To test whether the higher sensitivity of Clock mutant mice to CY can be explained by an effect on hematopoietic cells, we first measured basic hematological parameters (WBC counts with differentials) of wild-type and Clock͞Clock mice at days 0, 5, 18, and 40 after receiving a 3 ϫ 150 mg͞kg dose of CY at ZT14. Untreated mice of both genotypes showed no difference in WBC parameters (Table 1 , which is published as supporting information on the PNAS web site). As expected, at day 5 after CY administration, both groups demonstrate severe reduction in the neutrophil and lymphocyte counts, which was more pronounced in Clock mutant mice. While the neutrophil counts did not reach a statistically significant difference (Fig. 4A) , reduction in the number of circulating lymphocytes was more severe in Clock͞ Clock mice both at the peak time of bone marrow suppression (day 5) and during the recovery period (days 18 and 40) (Fig. 4B and Table 1 ). These data suggest that the time-of-administration-and genotype-related differences in response to CYinduced toxicity may reflect CLOCK͞BMAL1-dependent modulation of lymphocyte survival͞recovery rate.
To test this hypothesis, we measured the number of circulating lymphocytes in the blood of control and Clock mutant mice at day 3 after a single CY injection performed at ZT02 or ZT14 (schedule is presented in Fig. 2 A) . Consistent with the in vivo response, the number of circulating lymphocytes was significantly lower in wildtype mice injected at ZT02 compared with ones injected at ZT14, whereas Clock mutant mice showed the reduced number of circulating lymphocytes at both injection times (Fig. 4C) .
The reduction in WBC counts during the course of drug therapy reflects the suppression of hematopoietic activity of the bone marrow. To test whether the observed differences in the number of circulating lymphocytes reflect similar differences in the sensitivity of the bone marrow cells, we performed flow cytometry analysis of the bone marrow cells stained with FITClabeled B220 antibodies. CY treatment results in severe reduction in the amount of B cells that, similar to circulating lymphocytes, was significantly more pronounced in Clock͞Clock mice and in wild-type mice injected at ZT02 (Fig. 4D) .
If the response to CY indeed correlates with B cell sensitivity, then, based on in vivo data (Fig. 2) , one might expect that lymphocytes of Cry1 Ϫ/Ϫ Cry2 Ϫ/Ϫ double-knockout mice would also be more resistant to CY. To test this prediction, we compared the WBC parameters of wild-type, Clock͞Clock, and Cry1 Ϫ/Ϫ Cry2 Ϫ/Ϫ mice before and after (on day 3) CY administration. There was no difference in circulating lymphocyte counts or in the lymphocyte͞neutrophil ratio in untreated mice from the three groups (Fig. 4 E and F and Table 1 ); however, after exposure to CY, Cry1 Ϫ/Ϫ Cry2 Ϫ/Ϫ mice still retain significantly higher lymphocyte levels even compared with wild-type controls, and their overall WBC parameters were not dramatically distorted as a result of treatment (Fig. 4F) . Similar results were obtained during the analysis of the survival of splenic B (E) Lymphocyte counts in peripheral blood of mice of different circadian genotypes after 1 ϫ 300 mg͞kg CY administration at ZT11.5. No differences detected in untreated mice of all three genotypes. However, at day 3, Clock͞Clock mice show significantly more severe reduction in lymphocyte survival rate compared with wild-type animals ( * , P ϭ 0.03), whereas Cry1 Ϫ/Ϫ Cry2 Ϫ/Ϫ mice retain higher lymphocyte levels ( ** , P ϭ 0.05). (F) WBC composition of wild-type, Clock͞Clock, and Cry1 Ϫ/Ϫ Cry2 Ϫ/Ϫ mice at days 0 and 3 after 1 ϫ 300 mg͞kg CY administration. Each stack in the bar represents cell type percentage: neutrophils are black, lymphocytes are white, monocytes are red, eosinophils are green, basophils are yellow, and the large unstained cell population is blue. W, wild-type; Cl, Clock͞Clock; Cr, Cry1 Ϫ/Ϫ Cry2 Ϫ/Ϫ . cells obtained from the same animals (Fig. 6 , which is published as supporting information on the PNAS web site).
In summary, these data conclusively demonstrate that circadian control of drug response to CY in vivo is mediated through a CLOCK͞BMAL1-dependent modulation of B cell survival͞ recovery. The exact mechanism of this control and the direct molecular targets however remains to be identified. Thus, similar to what has been reported for a different circadian model, Per2 mutant mice (28) , CLOCK͞BMAL1 may be directly involved in the regulation of expression of cell-cycle-and apoptosis-related genes, in which case daily and genotype-dependent variations in balance of their products will determine response to stress at the individual cell level. On the other hand, circadian regulation of the CY response could be modulated by CLOCK͞BMAL1-dependent control of extracellular signaling pathways. It is well known that treatment with different growth factors and cytokines can prevent cell death induced by a variety of toxic agents. Some of these agents, such as basic fibroblast growth factor, epidermal growth factor, and transforming growth factor, are known to display daily variations in plasma concentrations (29) (30) (31) . In this case, time-of-day and genotype-dependent changes in drug response might be explained by variations in plasma concentrations of growth factors and cytokines important for B cell survival.
Although the exact mechanism of circadian control of CYinduced toxicity remains to be determined, the striking differences in response of different circadian mutant mice to CY treatment and the direct correlation of this response with the functional status of major circadian transactivation complex not only provides compelling evidence for circadian control of cancer therapy but also highlights a cellular target of this regulation. CLOCK͞BMAL1-dependent modulation of the lymphocyte survival͞recovery rate may be an important factor determining in vivo drug response and survival in clinical therapy. Thus, the reduction of the lymphocytes and late recovery may imply that, besides the overall increased infection risk due to neutropenia, patients treated with chemotherapy are at risk for developing bacterial infection for a considerable period after treatment, extending beyond the period of bone marrow depression.
The elucidation of the molecular mechanisms underlying the circadian control of B cell survival will provide a rationale not only for adjusting the timing of chemotherapeutic treatment to be less toxic but also for providing a basis for a search for pharmacological modulators of drug toxicity acting through circadian system regulators. This result may significantly increase the therapeutic index and reduce morbidity associated with anticancer treatment.
